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Using improved Ge and Si detectors, better neutron shielding, and increased counting time, the
Cryogenic Dark Matter Search (CDMS) experiment has obtained stricter limits on the cross section
of weakly interacting massive particles (WIMPs) elastically scattering from nuclei. Increased dis-
crimination against electromagnetic backgrounds and reduction of the neutron flux confirm WIMP-
candidate events previously detected by CDMS were consistent with neutrons and give limits on
spin-independent WIMP interactions which are > 2x lower than previous CDMS results for high
WIMP mass, and which exclude new parameter space for WIMPs with mass between 8-20 GeV ¢72.

PACS numbers: 26.65.+t, 95.75.Wx, 14.60.5t

This Letter reports new exclusion limits from the Cryo-
genic Dark Matter Search (CDMS) experiment on the
wide class of nonluminous, nonbaryonic, weakly interact-
ing massive particles (WIMPs) [1, I] which could consti-
tute most of the matter in the universe []. A natural
WIMP candidate is provided by supersymmetry in the
form of the stable lightest superpartner, usually taken
to be a neutralino of typical mass ~ 100 GeV/c? [1, H].
Since the WIMPs are expected to be in a roughly isother-
mal halo within which the visible portion of our galaxy
resides, the energy given to a Ge or Si detector nucleus
scattered elastically by a WIMP would be only a few to
tens of keV [1].

Because of this low recoil energy and very low event
rate (< 1 event per day per kg of detector mass), it is es-
sential to suppress backgrounds drastically. The CDMS
detectors discriminate nuclear recoils (such as would be
produced by WIMPs) from electron recoils by measur-
ing both ionization and phonon energy, greatly reduc-
ing the otherwise dominant electromagnetic background.
The ionization is much less for nuclear than for electron
recoils, while the phonon signal enables a determination

of the recoil energy. The main remaining background
is from neutrons, which produce WIMP-like recoils, and
hence must be distinguished by other means. Two are
employed: 1) while Ge and Si have similar scattering
rates per nucleon for neutrons, Ge is 5—7 times more effi-
cient than Si for coherently scattering WIMPs; 2) a single
WIMP will not scatter in more than one detector, while
a neutron frequently will.

While brief reviews of all parts of the experiment are
provided below, most details have been published [I],
and therefore the emphasis here will be on the differ-
ences from previous work. The previously published
results are from three 165 g Ge BLIP (Berkeley Large
Tonization-and-Phonon-mediated) and one 100 g Si ZIP
(Z-sensitive Tonization and Phonon-mediated) detectors.
The latter, employed as one measure of background neu-
trons, was not used simultaneously with the Ge BLIPs,
but rather in a separate run. BLIP detectors determine
phonon production from the detector’s calorimetric tem-
perature change, whereas ZIP detectors [[f] collect ather-
mal phonons to provide both phonon production and po-
sition information. Position information can be obtained



from pulse arrival times and relative signal sizes in mul-
tiple sensors. Pulse rise time gives further discrimination
against surface events which could otherwise be misiden-
tified as nuclear recoils. The new experiment used four
250 g Ge and two 100 g Si ZIP detectors simultaneously,
improving measurement of neutron backgrounds.

Since new detector technologies were used, both CDMS
experiments operated at a convenient shallow site. The
experiments had an overburden of 16 meters water equiv-
alent, sufficient to stop the hadronic cosmic ray compo-
nent and reduce the muon flux by a factor of 5. The appa-
ratus from outside to inside included a plastic-scintillator
veto to reject muon-coincident particles by a factor of
> 103, a 15-cm-thick lead shield to reduce background
photon flux by a factor of 103, 25 cm of polyethylene, a
20 mK volume provided by a custom, radiopure side ex-
tension to an Oxford 400S dilution refrigerator [{], and
1 cm of ancient Pb. In the new experiment 11 kg of
polyethylene added inside the ancient Pb reduced the
neutrons by a factor of 2.3, not only making this a better
measurement, but also confirming the neutron level given
in the previously published experiment.

Because detector discrimination reduced electromag-
netic backgrounds, the limiting background was from rel-
atively rare, high-energy neutrons produced outside the
veto. The neutrons may “punch through” the shield-
ing and yield secondary neutrons whose scatters in the
detectors can mimic the WIMP signal [[]. As in the pre-
vious experiment, the propagation of these neutrons was
simulated accurately, as confirmed by comparison with
veto-coincident and calibration-source neutrons. There is
excellent agreement of the simulated and observed recoil-
energy spectra. No experimental results depend on any
a priort knowledge of the absolute value of the neutron
background.

The utility of the simulations lies in predicting the rel-
ative rates of neutron events in the Ge and Si detectors,
and the relative number of neutron scatters in a single
detector to that in multiple detectors. These predicted
ratios and the observed numbers of multiple-detector and
Si neutrons determine the single-scatter neutron back-
ground in the Ge detectors. A check on the consistency
of the null hypothesis that all candidate events in the pre-
vious and present experiments are neutrons is provided
by comparing the numbers of observed and predicted
events in the two experiments simultaneously. Assuming
all events are due to neutrons and taking into account the
different polyethylene shielding, the numbers of Ge and
Si singles and multiples observed in the two experiments
all agree with the same incident neutron flux.

The new 1-cm-thick, 7.62-cm-diameter detectors were
stacked 3.5 mm apart with no intervening material. The
ionization electrodes deposited on the bottom surface of
each detector were divided into an annular outer part
shielding the disk-shaped inner part from any low-energy
electrons emitted from surrounding surfaces. The disk

part constituted 85% of the physical volume in the new
experiment in contrast to ~ 56% previously. The disk ar-
eas at only the top and bottom of the stack were exposed
to external materials. A Si detector, known to have had
some exposure to '*C contamination during a previous
run, was placed on the bottom and was used for multi-
ple scatters but not for singles data. The Ge detector
requiring a 20-keV analysis threshold was put at the top.
All other detectors (from top to bottom: Ge, Ge, Si, Ge)
had analysis thresholds of 5 keV, compared to the 10-keV
thresholds used in the previous experiment. The analysis
threshold was well above the phonon-trigger threshold of
~2 keV and the ~1.5 keV (for electron recoils) search
threshold for ionization from the disk region.

Thresholds were determined by how well the detector’s
ionization yield, Y, the ratio of ionization production to
recoil energy (using also the phonon signal), separates
electron from nuclear recoils. Photons cause most bulk
electron recoils, while low-energy electrons can cause low-
Y electron recoils in a thin surface layer, possibly result-
ing in confusion with nuclear recoils. In this experiment
ZIP detectors provided additional rejection of such sur-
face events by pulse rise time information, which is sensi-
tive to the depth of the interaction. Neutron and photon
sources were used to determine efficiencies for discrimina-
tion between nuclear recoils and bulk and surface electron
events. These calibration runs established the acceptable
nuclear—and hence WIMP—recoil band. Figure Billus-
trates the particle discrimination, which can be charac-
terized by a photon rejection > 99.98% (5-100 keV) and
an electron rejection > 99% above 10 keV for the four
central detectors, far exceeding those (99.9% and 95%,
respectively) of the previous experiment.

The data set of the present experiment was taken with
a 3 V bias voltage across the detector ionization elec-
trodes used to collect the electrons and holes. A data
set to be reported later employed a 6 V bias. The larger
voltage improves the ionization yield of surface electron
events but results in worse rise-time-based particle dis-
crimination. At 3V bias, 93 days of low-background data
were taken from December 2001 to April 2002, resulting
in 65.8 live days and 4.6 x 10% events. After cuts this
became 28.3 kg-d of data, substantially more than the
15.8 kg-d of the previous experiment. Three calibrations
with %°Co photon sources and two with ?*2Cf neutron
sources were performed at various times during the run.

The position information available from the ZIP detec-
tors was used to make small corrections for variations of
the phonon signal with event location. The corrections
for this position dependence, improving the phonon en-
ergy resolution and the surface electron rejection, were
obtained from the photon calibration.

Most cut parameters were set based on calibration
data, and all cuts except the threshold-energy cut for
the top detector were set before examining the final 90%
of the low-background data. The cut for data quality had
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FIG. 1: lonization yield (Y) vs. recoil energy for veto-

anticoincident single scatters in the 4 Ge (black x, diamond,
square, and +) and 1 inner Si (grey triangle) detectors above
the 5 keV analysis threshold (dashed vertical line). Twenty
events (circled) lie within the mean nominal 95% nuclear-
recoil acceptance region (dashed curves), above the ioniza-
tion threshold (dot-dashed curve). Most of the events with
0.5 < Y < 0.8 are in the top Ge detector (x), whose top
face is unshielded, or in the bottom Ge detector (4), whose
bottom disk region faces the contaminated Si detector.

> 99.99% efficiency. Having at least 80% of the ioniza-
tion energy in the disk part of the detector and having
phonon rise time > 12 us for Ge and > 6 pus for Si gave
an energy-dependent efficiency for nuclear-recoil events
varying from 10-15% at 5 keV to 40-45% at 20 keV to
50-60% at higher energies. Requiring > 40 us after the
most recent muon veto gave an ~ 80% efficiency for a
typical 5.2 kHz veto rate. Selecting a nuclear-recoil band
in Y within +2 ¢ of the band mean gave 95% efficiency
for nuclear-recoil events.

Nuclear-recoil, single-scattering candidates satisfied all
the above cuts and had energy above both the ionization
and phonon thresholds in one detector, but no phonon
trigger in any other detector within 50 ps of the event
trigger. Nuclear-recoil, multiple-scattering candidates re-
quired passing data-quality and veto-anticoincident cuts,
all triggering detectors having between 5-100 keV of re-
coil energy (and at least 80% of their ionization energy
in their disk region), at least two of the detectors passing
the nuclear-recoil cut, and at least one of the detectors
passing the rise-time cut.

A histogram of the 20 Ge single-scatter nuclear-recoil
candidates as a function of energy is shown in Fig. @,
along with the expected neutron spectrum. This simu-
lated neutron spectrum agrees well with the data, as is
verified by a Kolmogorov-Smirnov test. These 20 can-
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FIG. 2: Histogram in 10-keV bins of the 20 veto-
anticoincident, single-scatter nuclear-recoil candidates ob-
served in the 4 Ge detectors of total mass 1 kg. The dashed
curve is the shape of the expected recoil-energy spectrum due
to incident neutrons, while the solid curve also takes into ac-
count the detection efficiency and is normalized to 20 events.

didates could include some surface-electron events. The
expected number of such events in the nuclear-recoil band
1s 1.2 £ 0.3 in the Ge detectors and 0.8 & 0.6 in the Si
detector. The expected contamination was found from
maximum likelihood fits to the rise time and yield (Y)
distribution of the ~ 1% of photon calibration events oc-
curring near the surface. The fits were normalized to the
observed number of background surface events outside
the signal region.

The 90% CL excluded region for the WIMP mass
M and the spin-independent WIMP-nucleon elastic-
scattering cross-section ¢ is derived using a likelihood
ratio approach and conservative parameter values as de-
scribed in [H]. This method accounts for those observed
Ge single scatters that are due to the unvetoed neu-
tron flux, as constrained by the observed 2 triple scat-
ters and 1 non-nearest-neighbor double scatter (shown
in Fig. ®), along with 2 single-scatter nuclear-recoil can-
didates in the Si detector. Nearest-neighbor double scat-
tering events were not used to determine the number of
neutrons in the Ge single-scatter sample because correc-
tion for false events due to double scattering of surface
electrons is too uncertain at this time.

Figure @ displays the resulting upper limits on the
spin-independent WIMP-nucleon elastic-scattering cross-
section. Because the neutron simulation predicts 5.3
Ge singles per multiple-detector neutron, all the nuclear
recoils may be neutron scatters and ¢ = 0 is not ex-
cluded. The dip in the limit curve is due to the fact that
low-mass WIMPs could not cause the several detected
events between ~30-40 keV. Figure @ also shows the up-
per limits calculated ignoring all information about the
neutron background, using Yellin’s “Optimum Interval”
method [].
the energy spectrum with few events compared to the
number expected from the WIMP energy spectrum. Be-
cause of the weak statistical power gained by estimat-

The limit 1s essentially set by a region of
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FIG. 3: Scatter plot of ionization yields for veto-

anticoincident triple scatters (filled circles) and non-nearest-
neighbor double scatters (x’s) with all scatters between 5 and
100 keV and within the fiducial volume. For triple scatters,
the size and color of the circle indicates the ionization yield
in the third detector. Note both neutron triple-scatter can-
didates show low yield in all three detectors, while no other
triple scatters have low yield in any detector. As expected
for such events, there is clearly negligible contamination from
surface events.

ing the neutron background based on the small number
of multiple-scatter and Si events, the sensitivity without
subtraction of the neutron background is nearly as good
as the sensitivity including subtraction of the neutron
background. These limits exclude new parameter space
for WIMPs with 8 < M < 20 GeV ¢~ 2. Furthermore, a
simultaneous goodness-of-fit test (as described in [{]), in-
dicates the model-independent annual-modulation signal
of DAMA (as shown in Fig. 2 of [[LI]) and these CDMS
data are incompatible at 99.98% CL, if the WIMP inter-
actions and halo are standard.
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